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Toll-like receptor 4 (TLR4), the principal signaling receptor for
lipopolysaccharide (LPS) in mammals, requires the binding of MD-2
to its extracellular domain for maximal responsiveness. MD-2
contains a leader sequence but lacks a transmembrane domain,
and we asked whether it is secreted into the medium as an active
protein. As a source of secreted MD-2 (sMD-2), we used culture
supernatants from cells stably transduced with epitope-tagged
human MD-2. We show that sMD-2 exists as a heterogeneous
collection of large disulfide-linked oligomers formed from stable
dimeric subunits and that concentrations of sMD-2 as low as 50 pM
enhance the responsiveness of TLR4 reporter cells to LPS. An
MD-2-like activity is also released by monocyte-derived dendritic
cells from normal donors. When coexpressed, TLR4 indiscriminately
associates in the endoplasmic reticulum/cis Golgi with different-
sized oligomers of MD-2, and excess MD-2 is secreted into the
medium. We conclude that normal and transfected cells secrete
a soluble form of MD-2 that binds with high affinity to TLR4 and
that could play a role in regulating responses to LPS and other
pathogen-derived substances in vivo.

ammalian cells respond to lipopolysaccharide (LPS) (1), a

major component of the outer membrane of Gram-
negative bacterial cell walls, by activating Toll-like receptor 4
(TLR4) (1-5). TLR4 was first described as a member of a family
of type I integral membrane proteins that contain numerous
leucine-rich motifs on their extracellular portions and an intra-
cellular signaling domain homologous to that of the IL-1 recep-
tor (6, 7). In response to LPS, TLR4 initiates a cascade of
serine/threonine kinases that eventually leads to the transcrip-
tion of genes involved in inflammation (8, 9). To respond
efficiently to LPS, TLR4 requires an accessory protein, MD-2
(10). MD-2 is a 20-30-kDa glycoprotein that was originally
discovered by sequence homology with MD-1, a protein found
associated with a B cell homologue of TLR4, RP105 (11, 12).
MD-1 binds to the extracellular domain of RP105 and enhances
its surface expression. Similarly, MD-2 binds to the extracellular
domains of both TLRs 2 and 4 and causes their surface expres-
sion levels to increase (10, 13). Photoaffinity labeling studies
have recently shown that LPS binds directly to the TLR4/MD-2
complex and that both molecules are in close proximity to the
bound LPS (14).

MD-2, which contains a leader sequence but lacks a trans-
membrane domain, is secreted into the medium by transfected
kidney epithelial cells (15). However, the structure and function
of secreted MD-2 (sMD-2) have not been defined, nor is it
known whether MD-2 is released into the medium by normal
cells. To examine the properties of sMD-2, we have stably
transfected HEK293 cells with an epitope-tagged version of
MD-2 and have examined the secreted protein in culture super-
natants. Based on previous findings from this laboratory that
immature dendritic cells (iDC) express elevated levels of MD-2
message and decreased levels of TLRs 2 and 4 relative to
monocytes (16), we have also examined culture supernatants
from iDC for MD-2-like activity. In the present report, we show
that sMD-2 consists of large disulfide-linked oligomers of stable,
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dimeric subunits. Addition of picomolar concentrations of
sMD-2 to TLR4 positive, MD-2 negative cells greatly enhances
their responsiveness to LPS, as do supernatants from cultured
iDC. These findings suggest that sMD-2 might play a physiolog-
ical role in controlling TLR-mediated responses to pathogens.

Materials and Methods

Cells and Reagents. Human embryonic kidney 293, 293T, and
293TLR4 (293 cells stably transfected with human TLR4, a kind
gift from Dr. Jesse Chow, Eisai Research Institute, Andover,
MA; ref. 17) cell lines were maintained in complete medium
(DMEM/10% FCS/2 mM glutamine/100 wug/ml penicillin/
streptomycin) at 37°C in a humidified 5% CO, incubator.
Culture supernatants from human iDC (16) were centrifuged,
filtered through a 22-um membrane, and used immediately.

Expression Vectors and Transient Transfections. TLR4-GFP was
generated by PCR amplification of a full-length human TLR4
clone provided by Dr. Ruslan Medzhitov (Yale University
School of Medicine, New Haven, CT) using Vent DNA poly-
merase (New England Biolabs) and inserting the PCR product
into the Xhol (5") and BamHI (3") sites of pEGFP-N1 (CLON-
TECH). The resulting fusion protein was fluorescent and acti-
vated NF-«kB in an LPS and MD-2-dependent fashion (not
shown). The retroviral construct, rMD-2, was obtained by sub-
cloning MD-2-FLAG cDNA (provided by Dr. Kensuke Miyake,
Saga Medical School, Nabeshima, Japan) (10) in the XhoI-Not1
sites of the CLRCX ™ retroviral vector (18). The vectors encod-
ing dominant negative versions of MyD88 (19) and TLR4 (8)
were provided by Dr. Marta Muzio (Amersham Pharmacia). The
Fas-GFP construct was a gift from Dr. Richard Siegel (National
Institute of Allergy and Infectious Diseases, Bethesda).

Production and Characterization of sMD-2. A cell line that stably
secretes MD-2-FLAG was generated by transducing 293 cells
with the rMD-2 retroviral construct. Culture supernatants from
confluent 293MD-2 cells were centrifuged, passed through
22-pm nitrocellulose filters, and concentrated with Centriprep
YM-10 centrifugal filter units (Millipore). Concentrated super-
natants (200 ul) were fractionated by FPLC on a Superdex 200
HR 10/30 gel filtration column (Amersham Pharmacia) in PBS,
and 1 ml fractions were collected. Mild reduction of MD-2 was
achieved by incubating immunoprecipitated MD-2 in 5 mM
DTT/10 mM Tris, pH 8.0, for 1 h at room temperature followed
by addition of 25 mM iodoacetamide.

Abbreviations: g-Gal, B-galactosidase; endo H, endoglycosidase H; GFP, green fluorescent
protein; HRP, horseradish peroxidase; iDC, immature dendritic cells; LPS, lipopolysaccha-
ride; PNGase F, peptide:N-glycosidase F; sMD-2, secreted MD-2; TLR, Toll-like receptor.
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Immunoprecipitation and Western Blotting. Transfected cells from
10-cm dishes were lysed for 10 min at 0°C in 1 ml of lysis buffer
(137 mM NaCl/20 mM Tris-HCI, pH 7.4/50 mM NaF/1 mM
EDTA/1% Triton X-100) containing 60 mM n-octyl glucoside
and protease inhibitors (10 ug/ml leupeptin and aprotinin, 1 mM
PMSF). Lysates were centrifuged and immunoprecipitated with
4 pg of either M2 anti-FLAG mAb (Sigma) or anti-green
fluorescent protein (GFP) polyclonal antibody (Molecular
Probes) and 20 ul of packed protein A Sepharose (Amersham
Pharmacia) for at least 16 h at 4°C. Alternatively, 293MD-2
supernatants (10 ml) were immunoprecipitated with 10 ug of M2
mADb overnight at 4°C. In some experiments, resin-bound protein
was treated with endoglycosidase H (endo H) or peptide:N-
glycosidase F (PNGase F, New England Biolabs) according to
the manufacturer’s instructions. Pellets were washed four times
in lysis buffer and boiled in SDS sample buffer under reducing
or nonreducing conditions. Samples were resolved by SDS/
PAGE, transferred to nitrocellulose membranes, and immuno-
blotted with HRP-M2 mAb (Sigma) or anti-GFP mAb (CLON-
TECH) followed by a horseradish peroxidase (HRP)-conjugated
secondary antibody. To assess surface expression, calcium phos-
phate-transfected 293T cells were biotinylated for 30 min at 4°C
with 5 ml of 1 mg/ml Sulfo-NHS-biotin (Pierce) in Hanks’
balanced salt solution and washed twice with 25 mM lysine in
Hanks’ balanced salt solution. Cell lysates were immunoprecipi-
tated as described above and blotted with avidin-HRP Southern
Biotech (Amersham Pharmacia).

NF-xB Assay. A total of 5 X 10* 293TLR4 cells per well were
plated in 96-well flat-bottom microtiter plates, allowed to ad-
here, and transfected using calcium phosphate 1 day before
treatment. Every well received 10 ng of each reporter vector
(Ig-kB-Luciferase and pRSV-B-Gal, provided by Dr. Ulrich
Siebenlist, National Institute of Allergy and Infectious Dis-
eases), and in addition some wells received 10 ng of a vector
encoding MyDS8SDN, NR4DW or 5 ng of MD-2 vector. Total
amounts of DNA were kept constant by adding empty expression
plasmid as needed. To test the activity of sMD-2, dilutions of
concentrated supernatant from 293MD-2 cells were added to
293TLR4 reporter cells in the presence or absence of 5 mg/ml
LPS (phenol-extracted S. minnesota Re595, Sigma) for 16 h.
Samples were lysed, and luciferase and B-galactosidase (B-Gal)
activity quantified with a luminometer. Data are presented as
means * SD of luciferase units divided by B-Gal units from
duplicate wells (relative luciferase units).

Pulse-Chase Experiment. Adherent cells were grown to 80%
confluence and incubated with 33S-Met (ICN) in Met-free
DMEM supplemented with 10% dialyzed FCS, glutamine, and
antibiotics for 16 h in 10 ml of medium, or for 1 h in 5 ml of
medium. After labeling, adherent cells were washed twice in cold
PBS and lysed immediately or chased for varying times before
lysis. Centrifuged lysates were precleared with protein A Sepha-
rose, immunoprecipitated with anti-FLAG, and analyzed by
SDS/PAGE. Autoradiograms were obtained after exposure of
the dried gels to Kodak X-Omat AR films (Eastman Kodak).

Results

Production of sMD-2. The capacity of MD-2 to enhance TLR4
responses has been demonstrated in transfected cells (10), but it
is not known whether a soluble form of MD-2 could bind and
activate TLR4 at the cell surface. To answer this question,
sMD-2 was generated by stably transducing 293 cells with
MD-2-FLAG and collecting supernatants from cultured cells;
the secreted product is characterized in Fig. 14. As seen, sMD-2
consists of three glycoforms, 30, 25, and 23 kDa, that are
decreased to 18 kDa, the calculated molecular mass of MD-2
polypeptide, when N-linked sugars are removed with PNGase F.
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Fig. 1. Detection and characterization of sMD-2. (A) sMD-2-FLAG was im-
munoprecipitated (IP) from 10 ml of 293MD-2 culture supernatant with
anti-FLAG mAb, and immunoprecipitates were left untreated (—) or treated
with endo H (H) or PNGase F (F). Imnmunoprecipitates from supernatants of
untransfected 293 cells served as a negative control (left lane). Samples were
resolved by 15% SDS/PAGE, Western blotted (WB) with anti-FLAG, and de-
tected by enhanced chemiluminescence. (B) Kinetics of maturation of MD-2.
293MD-2 cells were pulse labeled for 1 h with 35S-Met and chased for the
indicated times. Cells were lysed, immunoprecipitated with an anti-FLAG
mADb, and either left untreated (—) or treated with endo H (+). Samples were
resolved by SDS/15% PAGE under reducing conditions and subjected to
autoradiography for 10 days.

Endo H, which is specific for high-mannose N-linked carbohy-
drate, converted a portion of the 25-kDa species to 23 kDa,
suggesting that sMD-2 contains a high mannose glycan. By
contrast, most newly synthesized MD-2 is completely digested to
the unglycosylated peptide by endo H (Fig. 1B), indicating that
it contains only high-mannose carbohydrate, which is character-
istic of proteins located in the ER and cis Golgi compartments
(20). The loss of MD-2 from the cells seen after 2 h presumably
reflects the entry of MD-2 into the secretory pathway with
concomitant processing of N-linked glycans to the endo H-
resistant form seen in Fig. 1A4.

sMD-2 Confers LPS Sensitivity to TLR4-Expressing Cells. Supernatants
from 293 and 293MD-2 cells were next added with or without
LPS to 293TLR4 cells containing NF-«kB and B-Gal reporter
plasmids (reporter cells); cells transfected with a dominant
negative version of MyD88 (MyD88DN) were used to test for the
specificity of the signaling pathway. As shown in Fig. 24,
supernatants from 293MD-2, but not from control 293 cells,
conferred LPS responsiveness to the reporter cells, and the
response was efficiently abrogated by the MyDS8S8DN construct.
A TLR4DN construct lacking the cytoplasmic domain also
blocked the response (data not shown). The sMD-2 was nearly
as efficient as transfected MD-2 at enhancing the LPS response,
and anti-FLAG depletion experiments (Fig. 2B) confirmed that
this activity was in fact mediated by sMD-2. To determine the
amount of sMD-2 required for LPS responsiveness, we titrated
the reporter cells with MD-2-containing culture medium; as seen
in Fig. 2C, a significant response was detected at 1:128 dilution.
By comparing Western blot intensities of sMD-2 with a FLAG-
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Fig.2. sMD-2 confers LPS responsiveness to TLR4"/MD-2" reporter cells. (A) 293TLR4 cells were cotransfected with NF-«xB and B-Gal reporter vectors and either
dominant negative MyD88 (MyD88DN) (+) or empty vector (—). After 24 h, each group of transfectants was treated with culture medium from 293 (CTRL) or
293MD-2 cells (sMD-2) in the presence or absence of LPS. As a comparison, 293TLR4 cells that had been transfected with MD-2 were treated with or without LPS
(MD-2 transfected) in fresh medium. Bars indicate relative NF-«B activity. Data are representative of six separate experiments. (B) The LPS-enhancing activity is
depleted by anti-FLAG mAb. 293TLR4 cells were left untreated (open bars) or treated with LPS (filled bars) in medium alone (CTRL), in medium containing
supernatant from 293MD-2 cells (sMD-2), or in 293MD-2 cell medium adsorbed with anti-FLAG mAb (sMD-2 depleted). (C) Dose-response of MD-2. 293TLR4 cells
were incubated with the indicated dilutions of concentrated 293MD-2 culture medium or with medium alone (no MD-2), and the LPS-dependent activation of
NF-«B was followed as in A. (D) Quantitation of sMD-2. Serial dilutions of concentrated 293MD-2 culture medium (MD-2) were immunoprecipitated with the
anti-FLAG mAb, resolved by SDS/10% PAGE, blotted with HRP-anti-FLAG, and developed by enhanced chemiluminescence. Intensities were compared with those
from known concentrations of a standard protein (STND, carboxyl-terminal FLAG-BAP fusion protein, Sigma) shown in the lower panel. By comparing intensities,
we estimate that 20 ul of the MD-2 concentrate contained ~0.1 pmol of MD-2.

tagged standard (Fig. 2D), we estimated that this represented a
concentration of ~50 pM. Thus, TLR4 behaves as a high affinity
receptor for sMD-2.

Human iDC Secrete an MD-2-Like Factor. It was important to
demonstrate that normal cells secrete an MD-2-like activity. We
previously showed that human monocyte-derived iDC express
high amounts of MD-2 message relative to TLR4 (16), suggesting
that iDC might normally secrete MD-2. To test this hypothesis,
reporter cells were incubated with supernatants from several
iDC preparations in the presence or absence of LPS. Fig. 3 shows
that supernatants from two representative iDC cultures (iDC-1,
iDC-2) confer LPS sensitivity to the reporter cells, indicating
that iDC do secrete an MD-2-like activity. The iDC-
reconstituting activity was blocked by cotransfecting the reporter
cells with MyDS8SDN or TLR4DN constructs, indicating that the
factor was acting directly on the TLR4 /IL-1R signaling pathway.
However, because anti-MD-2 antibodies are not currently avail-
able, we were unable to establish definitively that the MD-2-like
activity was mediated by MD-2 itself.

sMD-2 Consists of Large, Disulfide-Linked Oligomers. Because MD-2
contains an odd number of Cys residues, we hypothesized that at
least one sulfhydryl group might be involved in intermolecular
crosslinking. To test this, supernatants from metabolically la-
beled MD-2 transfectants were immunoprecipitated, resolved by
SDS/PAGE under nonreducing and reducing conditions, and
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subjected to autoradiography. As seen in Fig. 44, sMD-2 in the
unreduced state consists of mainly dimers (band between 35 and
50 kDa) and larger oligomers, all of which migrate as monomeric
MD-2 under reducing conditions. Moreover, no other protein of
cellular origin was detected in MD-2 immunoprecipitates under
reducing conditions, suggesting that the high molecular weight
material contained only the MD-2 glycoprotein. To determine
the size distribution of disulfide-linked species under nondena-
turing conditions, we subjected sMD-2 to gel filtration chroma-
tography in PBS, then analyzed the column fractions by SDS/
PAGE under reducing and nonreducing conditions (Fig. 4B). As
seen in the reducing gel (Lower, R), MD-2 eluted from the gel
filtration column as a broad peak, mostly in the 50-400-kDa
molecular mass range. Under nonreducing conditions (Upper,
NR), species of ~40, 80, 120, 240, and >300 kDa were resolved,
corresponding roughly to dimers, tetramers, hexamers, octam-
ers, and larger oligomers of the MD-2 monomer. In general,
oligomers eluted from the gel filtration column at positions
consistent with their molecular weights as determined by non-
reducing SDS/PAGE. However, SDS treatment did dissociate
some small molecular weight species from larger complexes,
suggesting that noncovalent interactions, in addition to disulfide
bonding, might be involved in oligomer formation. To determine
whether all interchain disulfide bonds were equally stable,
sMD-2 was exposed to mild reduction and alkylation under
nondenaturing conditions. As shown in Fig. 4C, this treatment
produced nearly homogeneous dimers of MD-2. Thus, the most
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Fig. 3. iDC secrete MD-2-like factors. 293TLR4 cells were treated with
supernatants from two human iDC preparations (iDC-1, iDC-2) in the absence
(open bars) or presence (filled bars) of LPS. Where indicated, cells were also
transfected with dominant negative versions of either TLR4 or MyD88. Histo-
grams represent relative NF-«B activation as in Fig. 2 A. Results are represen-
tative of 12 iDC supernatants tested.

stable subunit of MD-2 is a disulfide-linked dimer, and sMD-2
oligomers result from the formation of additional, more labile,
disulfide bonds between dimers.

MD-2 Multimers Associate with TLR4. Because MD-2 forms a
heterogeneous array of multimers, experiments were performed
to determine which MD-2 species bind to TLR4. 293T cells were
cotransfected with TLR4-GFP and MD-2-FLAG and immuno-
precipitated with either anti-GFP or anti-FLAG antibodies. The
immunoprecipitates were then analyzed by SDS/PAGE under
reducing and nonreducing conditions and blotted for MD-2 with
the anti-FLAG mAb (Fig. 54). Analysis of the nonreduced
samples indicated that MD-2 oligomers of many different sizes
associated with TLR4 (lane 5), comparable to the molecular
weight distribution of MD-2 in the total cell lysate (lane 7).
Identical results were obtained when 10 mM iodoacetamide was
included in the lysis buffer (data not shown), indicating that
oligomerization did not result from sulfthydryl oxidation or
exchange in the lysates. Anti-GFP blots of the same immuno-
precipitates (Fig. 5B) confirm that TLR4 was present and suggest
that most TLR4 molecules had associated with MD-2. By
contrast, most MD-2 molecules did not coprecipitate with TLR4
(Fig. 54, lanes 1 and 3), suggesting that MD-2 was produced in
excess to TLR4. The interaction between TLR4 and MD-2 was
specific, as shown by the fact that MD-2 failed to coprecipitate
with Fas-GFP, a type I integral membrane receptor used as a
negative control (Fig. 5C). We conclude that TLR4 indiscrimi-
nately binds to different-sized MD-2 oligomers.

MD-2 Binds to TLR4 in the ER. The observation that sMD-2 interacts
functionally with TLR4 posed the question of whether MD-2
normally associates with TLR4 inside the cell when both are
expressed together, or whether it must be first secreted into the
medium. To address this question, cells were cotransfected with
MD-2-FLAG and TLR4-GFP, and the cellular localization of
both proteins was monitored by following the endo H sensitivity
of anti-GFP immunoprecipitates. As shown in Fig. 64 (center
lane), both TLR4 and TLR4-associated MD-2 contained endo
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Fig. 4. sMD-2 forms large, disulfide-bonded aggregates. (A) 293T cells
transfected with MD-2 were labeled overnight with 3°S-Met. MD-2 was im-
munoprecipitated from the supernatant with an anti-FLAG mAb and sub-
jected to SDS/PAGE under nonreducing (NR) or reducing (R) conditions.
Shown is an autoradiogram after 2 days of exposure. (B) Concentrated super-
natant (200 wl) from 293MD-2 cells was passed over a Superdex 200 HR 10/30
gel filtration column, and 1-ml fractions were collected immediately after the
void volume. Fractions were immunoprecipitated, separated by SDS/10%
PAGE under nonreducing (NR) and reducing (R) conditions, and blotted with
HRP-anti-FLAG. No FLAG immunoreactivity was detected elsewhere in either
membrane. Calculated molecular weights based on the elution of standard
proteins are indicated at the bottom of the panel. (C) Mild reduction of sMD-2
yields disulfide-linked dimers. Immunoprecipitated sMD-2 was reduced (lanes
1and 4) or not (lanes 2 and 5) with 5 mM DTT under nondenaturing conditions
and resolved by SDS/10% PAGE under nonreducing (NR) and reducing (R) con-
ditions. The gel was transferred and blotted with the anti-FLAG mAb as in 1B.

H-sensitive and resistant species, with the endo H-sensitive
fractions predominating for both proteins. This indicates that
MD-2 binds TLR4 in the ER/cis Golgi and that major fractions
of both proteins are located in these compartments at steady
state. To test whether the TLR4/MD-2 complex could reach the
cell surface, transient transfectants were externally labeled with
biotin, and TLR4 immunoprecipitates were blotted with HRP
avidin (Fig. 6B). As seen, TLR4 and the associated MD-2 stained
positive in avidin blots, confirming that the complex did reach
the cell surface.

Discussion

In mammals, the recognition of LPS requires at least three
proteins, CD14, TLR4, and MD-2 (10, 14, 21). Of these, TLR4
and MD-2 form a complex in which MD-2 binds to the extra-
cellular domain of TLR4; together, the two proteins transduce
a signal upon binding LPS. In addition, a recent report indicates
that MD-2 also binds to TLR2, although less avidly than to
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Fig. 5. Oligomers of MD-2 bind to TLR4. (A) 293T cells were cotransfected
with TLR4-GFP and MD-2-FLAG, lysed after 48 h, and immunoprecipitated
with either anti-GFP or anti-FLAG mAbs. TLR4-associated MD-2 (lanes 1 and 5)
and total MD-2 (lanes 3 and 7) were detected by Western blotting with
anti-FLAG. Shown is a blot from a SDS/10% PAGE gel run under reducing
(lanes 1-4) and nonreducing (lanes 5-8) conditions. The TLR4-associated,
nonreduced MD-2 (lane 5) is shown at a higher exposure to facilitate com-
parison with total nonreduced MD-2 (lane 7) and indicates that various-sized
oligomers of MD-2 bind to TLR4. (B) Immunoprecipitates from lysates of cells
cotransfected with TLR4-GFP and MD-2-FLAG were subjected to SDS/7.5%
PAGE under reducing conditions, transferred, and blotted for TLR4 expression
with anti-GFP. Note that the total amount of TLR4 expressed (lane 1) was
approximately the same as the amount bound to MD-2 (lane 3), in contrast to
MD-2, which was expressed in excess to TLR4 (A, lanes 1 and 3). (C) As a
specificity control, cells were cotransfected with MD-2 and either TLR4-GFP or
Fas-GFP. As seen, MD-2 coprecipitated with TLR4-GFP but not with Fas-GFP.

TLR4, and enhances the TLR2 response to a number of patho-
gen-derived substances (13). The immature form of MD-2
contains a leader sequence that targets the molecule to the ER,
but lacks a transmembrane domain that would anchor the
protein to the cell membrane. This suggests that MD-2 is a
soluble protein that could potentially bind to TLRs 4 and 2 in the
ER or, alternatively, might first be secreted into the medium and
then bind to TLRs 4 and 2 on the cell surface. In this study, we
characterized sMD-2 produced by cells that stably express
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Fig. 6. TLR4 and MD-2 associate in the cytoplasm. (A) 293T cells were
cotransfected with TLR4-GFP and MD-2-FLAG, and lysates were immunopre-
cipitated after 48 h with the anti-GFP pAb and protein A Sepharose. Beads
were left untreated (—) or treated with endo H (H) or PNGase F (F), solubilized
in SDS reducing buffer, and analyzed by Western blotting after 6% (upper
membrane) or 13% (lower membrane) SDS/PAGE. The upper membrane was
blotted for TLR4, the lower membrane for MD-2. This experiment has been
repeated twice with similar results. (B) 293T cells were transfected with either
TLR4-GFP or MD-2-FLAG or both, as indicated, and cell-surface proteins were
modified (or not) with sulfosuccinimidobiotin. Cells were lysed, immunopre-
cipitated with the anti-GFP, and analyzed by SDS/PAGE and Western blotting
using either anti-GFP or anti-FLAG antibodies (left lane) or HRP-avidin (right
lanes).

epitope-tagged MD-2 but not TLR4 or TLR2. Supernatants
from these cells contained MD-2 in a form that was relatively
resistant to endo H digestion, indicating that it had passed
through the Golgi apparatus before secretion. The sMD-2
exhibited a remarkable capacity for restoring LPS responsiveness
to reporter cells that expressed TLR4 but not MD-2. Even at
concentrations as low as 50 pM, MD-2 significantly enhanced
LPS reactivity, suggesting that TLR4 has a functional affinity
constant for MD-2 in the range of 50-500 pM. This represents
a high affinity interaction, typical of the affinities with which
cytokines and hormones bind their receptors (22).

Although the calculated molecular weight of the MD-2
polypeptide is 18,400, the secreted form is much larger. Part of
the increase in molecular weight is because of glycosylation.
MD-2 contains two N-linked glycosylation sites, and when
N-linked sugars were removed with PNGase F, the relative
molecular mass of MD-2 under reducing conditions decreased
from ~25 kDa to that expected for the unmodified polypeptide.
The molecular weight of MD-2 is also increased by interchain
disulfide bond formation. MD-2 contains seven Cys residues,
suggesting that the unpaired sulfhydryl residue might participate
in the formation of MD-2 dimers. However, we unexpectedly
found that MD-2 polymerizes into large, disulfide-linked, oli-
gomers. This implies that at least two sulthydryl groups in MD-2
participate in interchain disulfide bonding, leaving a maximum
of five sulfhydryls available for intrachain disulfide loop forma-
tion. Thus, MD-2 contains, at most, two intrachain disulfide
bonds and may use three or more sulfhydryls in the formation of
MD-2 oligomers. MD-2 also forms stable dimers that resist mild
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reduction in nondenaturing solution, implying that one inter-
molecular disulfide bridge is less exposed than the others and
suggesting that the large oligomers of MD-2 consist of polymer-
ized dimers. As we have demonstrated, TLR4 associates with
MD-2 oligomers of all sizes. This raises the possibility that each
MD-2 oligomer might bind to several TLR4 molecules, leading
to the formation of large clusters on the cell surface before
activation. Moreover, because MD-2 also binds to TLR2, these
clusters could contain both TLR2 and TLR4 and possibly other
MD-2 binding proteins.

When MD-2 and TLR4 are expressed in the same cell, they
associate in the ER/cis Golgi as shown by the fact that both
proteins in coprecipitates are susceptible to endo H digestion.
However, cells such as double transfectants and iDC that express
both MD-2 and TLR4 secrete MD-2 (or an MD-2-like activity)
into the medium, implying that not all MD-2 is bound to TLR4.
This was also demonstrated directly in coprecipitation experi-
ments (Fig. 5), which showed that essentially all TLR4 was
associated with MD-2, whereas only a fraction of total MD-2 was
bound to TLR4. We conclude that at least in some cells MD-2
is synthesized in large excess to TLR4 and that it saturates all
available TLR4 molecules in the ER, with the excess MD-2 being
secreted into the medium. Thus, the MD-2 that is associated with
TLR4 on the cell surface could potentially derive from either the
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MD-2 that binds TLR4 in the ER or from sMD-2 that exchanges
with the ER-derived MD-2, similar to the situation with MHC-1
molecules and -2 microglobulin (23).

An important question raised by the current study is whether
sMD-2 serves a physiological function in the innate recognition
of LPS and other pathogen-associated molecules. The observa-
tions that normal cells secrete an MD-2-like activity and that
sMD-2 binds to TLR4 with very high affinity suggest that sMD-2
could play an important role in controlling the physiological
responses of TLR4, and perhaps TLR2, to pathogen-derived
substances. sMD-2 would be most effective, however, in cells that
express TLR4 but little or no MD-2, and it will be interesting to
see whether any cells have this property. Finally, sMD-2
(ESOP-1) is secreted at various stages of development in tissues
of the hematopoietic, nervous, and reproductive systems (15),
suggesting that it may have some broader function than serving
as a cofactor for TLRs.

After submission of this manuscript, Schromm et al. (24)
reported that supernatants from MD-2-transfected cells could
confer signaling function on TLR4-expressing cells.
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